We have determined the nucleotide sequence at the 3 1 end of the vesicular stomatitis virus (VSV) polymerase or L gene and compared it to that obtained from a defective interfering particle (DI) RNA generated by this virus. The latter (DI 0.50) contains a large internal deletion within this gene. The deletion begins exactly 253 residues from the transcription start of the gene and extends to ~300 bases from the 5 1 end of the standard RNA genome. The flanking sequences bear no homology to the eukaryotic consensus splice sequence. The sequence immediately preceding the deletion is complementary to the ribosome binding site of the L gene transcript and also resembles genome transcription termination sites. In addition, we present the results of nuclease protection experiments which show that this DI RNA retains an exact copy of the 3' end half of the standard genome (leader, N, NS, M and G genes), although its own 3' end is non-genomic. The implications of these findings regarding mechanisms of DI generation are discussed.
INTRODUCTION
Defective interfering particles (DI) of RNA viruses represent an important class of virus regulatory elements. They interfere strongly with their parent helper virus replication and play a major role in the establishment and maintenance of persistent viral infections (for review see 1 and 2).
The deleted genomes characteristic of DI have been studied most extensively in the vesicular stomatitis virus system. Mechanisms involved inor DI-LT 2 ) contains both an internal deletion and a 3' end copy-back sequence. Only the former is transcriptionally active and displays biological properties not shared with the other major class of VSV 01 (4, 7) . We and others have presented evidence that the internal deletion in VSV DI 0.50 is situated within the large polymerase or L gene. We present here the results of nucleotide sequencing studies spanning the DI 0.50 deletion as well as nuclease protection experiments indicative of the overall sequence organization of this DI RNA molecule. These data support the hypothesis that specific template sequences may be involved in the generation of internal deletions in VSV DI.
MATERIALS AND METHODS

Preparation of template RNAs
Growth of BHK 21 nost ce T| s> standard virus DI 0.50 and DI 0.46, 3H-uridine labeling, virus and DI purification, and RNA extractions were described previously (4, 8, 9) .
Preparation of single-stranded cDNA primer
The plasmid pG65 (a gift from Dr. John Rose, Salk Institute) was constructed from pBR322 by inserting a sequence corresponding to the 3' terminus of the VSV G mRNA at the Pst 1 site (10) . Growth and purification of the plasmid followed published procedures (11) .
Isolation of the 5' end-labeled primer was carried out as described by Rose (12) except for strand separation which we carried out by denaturing the sample in 80% dimethyl sulfoxide for 2 min at 85°C, quick cooling, and immediate electrophoresis in a non-denaturing acrylamide gel. Recovery of the single-stranded 49 base long primer (lower band) by gel crushing and shaking at 37°C overnight, was followed by loading onto a 1 ml DE52 column, washing with several volumes of 0.1 M NaCl, 10 mM Tris-Cl pH 8.0 buffer, and elution with the same buffer containing 1 M NaCl.
Primer extension and sequencing
The procedure of Rose (12) Cleavage reactions for sequencing were carried out as described by Maxam and Gilbert (13) with the modification of Smith and Calvo (14) . Sequencing gels of 6.5? or 5% total acrylamide concentration (30 x 80 x 0.05 cm) were prepared and run as described by Sanger and Coulson (15) .
Nuclease protection experiments RNAs in agarose gels or undenatured duplexes in 20% acrylamide gels, were carried out as described previously (4). (Fig. 2) . The remainder of the sequence which could be unambiguously read until residue 306 retains the opened reading frame starting with the AUG codon at position 11. Start codons in phase with the second and third reading frames are all followed by stop codons within a short stretch. The predicted L protein NHL terminal ami no acid sequence is also shown.
RESULTS
Sequencing strategy
The nucleotide sequence of the DI 0.50 template RNA is completely homologous to that of the standard genome template up to and including residue 252. It then diverges for the remainder of the sequence determined (Fig. 2) . It should be noted that our ability to read a clear-cut sequence for the DI 0.50 template attests to the relative homogeneity of this RNA preparation at least for the region in question. However, we could not resolve the identity of certain nucleotides at a few specific sites (see Fig. 2 ) because bands were present in all lanes of the sequencing gel. 0.46 RNA which retains this segment intact and unrearranged up to and including the G gene coding sequences (4, 17, 18) . We have also shown previously that, in contrast to 01 0.46, DI 0.50 RNA preparations self-anneal to -30-40% nuclease resistance (4) . If this does reflect the presence of -15-20% plus strand copies of DI 0.50 RNA as often observed in other VSV DI preparations (8) then these plus strands can be annealed to labeled 0.46 RNA to determine the extent of uninterrupted complementarity by nuclease protection. Fig. 4 shows the results of such an experiment. The nuclease-treated, self-annealed fraction of DI 0.50 RNA is identical in size to untreated 0.50 RNA as predicted (Fig. 4A) . When DI 0.50 RNA is annealed to uniformly-labeled 0.46 RNA, the nuclease protected fragments include molecules -95? as large as 0.46 RNA itself (Fig. 4B) . Control annealing reactions with labeled 0.46 RNA only {~2% resistance) yield no distinct bands (not shown). These results show clearly that DI 0.50 RNA molecules contain -95? of the DI 0.46 RNA sequences as a contiguous segment.
To establish whether DI 0.50 RNA contains the exact 3' end terminal sequence of the standard genome RNA, we carried out nuclease protection experiments using 3 1 end-labeled 0.46 RNA annealed to DI 0.50 RNA. In this case, we sought to increase the extent of annealing between DI 0.50 plus strands and the labeled probe by reducing the amount of competing DI 0.50 minus strands. This was accomplished by first isolating the nuclease-treated, self-annealed fraction of DI 0.5O RNA. In addition, we fragmented this RNA with alkali (see Materials and Methods) to a size range (-100-200 bases) roughly equivalent to that of the 3 1 end-labeled 0.46 RNA which was 
B
extensively nicked during the end-labeling reaction. This latter step was carried out to avoid annealing competition based on the size of the duplex molecules. Under these conditions at least 30 to 40? of the end label in 0.46 RNA (background subtracted) can be protected from nuclease digestion by 01 0.50 plus strands. The expected size heterogeneity of the protected fragments is shown in Fig. 5A . No protected labeled bands were seen in control reactions without DI 0.50 RNA (not shown). These results strongly support our previous hypothesis that DI 0.50 RNA contains the 3' end terminal sequence of the standard genome at a short distance from its own 3' end (4).
Lastly, we wished to determine the sequence arrangement at the 5 1 end of DI 0.50 RNA. Our previous studies established that at least the first -55 bases of this template (the length of the hybridization probe used) are identical to the standard genome (4). In the following experiment we extended these results by using 5' end-labeled standard genome RNA as a probe for nuclease protection experiments with DI 0.50 RNA. In this instance, the self-annealed fraction of DI 0.50 RNA was isolated by gentle nuclease treatment to preserve plus strands as intact as possible. 1 end labeled 0.4^ RNA (5 k cpm/yg, 5 yg/ml) was annealed to the fragmented, self-annealed fraction of DI 0.50 RNA (100 yg/ml) for 140 min and nuclease digested (see text). (B) Protected fragments of 5' end-32p_i a beled standard VSV were analyzed on agarose gels following nuclease digestion and glyoxal denaturation (see Fig. 1 ). 5' end-labeled standard RNA (-40 yg/ml, -5 k cpm/yg) was hybridized to the unlabeled self-annealed fraction of 0.50 RNA (-90 yg/ml) for 20 min and nuclease digested (see text). Arrows indicate positions of 32p_iabeled HeLa ribosomal RNA markers. . 6 ).
DISCUSSION
The VSV genome sequence rearrangements in DI 0.50 RNA are illustrated in Figs. 2 and 3) . Possible explanations for these ambiguities include technical difficulties such as band compression, or preferential stops during primer extension, or mutational heterogeneity (20) . We cannot at present exclude any of these possibilities.
The most significant aspect of our results deals with the question of possible sequence specificity at the sites of VSV internal deletions. In support of generation models (1,3) based on viral replicase "errors", we find no obvious homology between the site of the DI 0.50 deletion and the eukaryotic consensus splice sequence. The same conclusion has been reached by others regarding internal deletions in togavirus DI RNAs (21,22) and influenza DI RNAs (23,24). More importantly, a closer examination of the nucleotide sequence flanking the DI 0.50 deletion reveals homologies to sequences at or near VSV transcription termination sites (Fig. 7) . The sequence 3'-AUUGU-5', which includes one of the two conserved and non-transcribed intercistronic nucleotides as well as the common transcription start sequence (12), is found only five residues upstream from the deletion start. Furthermore, the sequence 3'-UACAG-5' spanning the deletion site is also found at the site of premature termination in the N gene where the majority of initiated transcripts represent uncapped oligonucleotides 12 to 14 residues in length (25) . The synthesis of these appears to be dependent on M protein binding to the ribonucleoprotein template (26) . No evidence has yet been obtained for an analogous premature termination site for L gene transcripts, but the last six nucleotides preceding the DI 0.50 deletion are also homologous to residues 8 to 13 from the start of the gene (Fig. 2) .
It is not clear as yet which nucleotide sequences are essential for transcription termination and/or M protein binding but the close proximity of termination and start sites may reflect an overlap of sequence signals. In any case, it seems plausible that VSV genome sequences bearing homology to intercistronic borders could trigger the requisite interruption of viral RNA synthesis for the generation of DI molecules. Note that VSV DI generation occurs at a frequency of about 10~7 to 10~^ per infectious particle replication (1). Such low frequency events may reflect in part a low probability of termination when the VSV polymerase encounters a template sequence bearing only partial horology to normal transcription termination signals. Furthermore, such imperfect signals may be expected to occur at a multiplicity of sites throughout the VSV genome or its complement (for e.g., a given pentamer sequence should occur about ten times in a single-stranded genome of 11 kb on a random basis) which is consistent with the apparent diversity of deletion sites observed in different VSV DI (1) . A recent study also proposes that homology to transcription termination sites may be responsible for the generation of complex 01 genome rearrangements during plus strand synthesis of influenza virus (23) .
Lastly, we mention two important features of the VSV L gene sequence determined. First, the perfect eight nucleotide repeat sequence (beginning at residue 41 and interrupted by one residue at position 49, see Fig. 2 ) may not be fortuitous (chance probability of 0.17 for a genome of 11 kb) and could perhaps represent an important regulatory signal. Second, we also note an unusually acidic domain at the putative amino terminal end of the L polytnerase protein (9 acidic and no basic residues within the first 18 amino acids). An analogous acidic region is also found within the body of the VSV NS protein (27) .
